Human heterophile antibodies that agglutinate animal erythrocytes are known to detect the nonhuman sialic acid N-glycolylneuraminic acid (Neu5Gc). This monosaccharide cannot by itself fill the binding site (paratope) of an antibody and can also be modified and presented in various linkages, on diverse underlying glycans. Thus, we hypothesized that the human anti-Neu5Gc antibody response is diverse and polyclonal. Here, we use a novel set of natural and chemoenzymatically synthesized glycans to show that normal humans have an abundant and diverse spectrum of such anti-Neu5Gc antibodies, directed against a variety of Neu5Gc-containing epitopes. High sensitivity and specificity assays were achieved by using N-acetylneuraminic acid (Neu5Ac)-containing probes (differing from Neu5Gc by one less oxygen atom) as optimal background controls. The commonest anti-Neu5Gc antibodies are of the IgG class. Moreover, the range of reactivity and Ig classes of antibodies vary greatly amongst normal humans, with some individuals having remarkably large amounts, even surpassing levels of some well-known natural blood group and xenoreactive antibodies. We purified these anti-Neu5Gc antibodies from individual human sera using a newly developed affinity method and showed that they bind to wild-type but not Neu5Gc-deficient mouse tissues. Moreover, they bind back to human carcinomas that have accumulated Neu5Gc in vivo. As dietary Neu5Gc is primarily found in red meat and milk products, we suggest that this ongoing antigen-antibody reaction may generate chronic inflammation, possibly contributing to the high frequency of diet-related carcinomas and other diseases in humans.
Introduction
Human "heterophile" antibodies agglutinating animal erythrocytes were described in the 1920s in patients injected with animal serum, by Hanganutziu (1924) and Deicher (1926) . These are since referred to as Hanganutziu-Deicher (HD) antibodies (Higashi et al. 1977) . Such antibodies were later detected in patients who had never received animal sera, including those with melanomas and various carcinomas (reviewed in Malykh et al. 2001) , as well as under certain inflammatory or infectious conditions (Beer 1936; Morito et al. 1982) . These studies defined HD antibodies by hemagglutination of bovine, ovine, or equine erythrocytes, or by ELISA assays against crude "bovine high-molecular-weight glycoproteins" from such erythrocytes (Beer 1936; Nakarai et al. 1990; Malykh et al. 2001) . It was subsequently noted that HD antibodies were directed against the common mammalian sialic acid (Sia) called N-glycolylneuraminic acid (Neu5Gc) (Higashi et al. 1977; Merrick et al. 1978; Nishimaki et al. 1979; Morito et al. 1982; Takiguchi et al. 1984; Mukuria et al. 1986) and to be of potential prognostic significance in melanomas (Nakarai et al. 1990 ). The heterophile "Paul-Bunnel" antibodies of infectious mononucleosis were also shown to bind Neu5Gc-containing glycoconjugates (Golaszewska et al. 2003) .
Sialic acids are acidic sugars with a 9-carbon backbone, typically located at the outermost end of glycan chains of vertebrate cell surface and secreted glycoconjugates (Angata and Varki 2002) . N-Acetylneuraminic acid (Neu5Ac) and its hydroxylated form, Neu5Gc, are the two major Sia forms in most mammals. The evolutionary lineage leading to humans suffered an inactivating mutation in the CMAH gene responsible for biosynthesis of CMP-Neu5Gc, the sialylation donor for biosynthesis of Neu5Gc-containing molecules (Varki 2001) . Despite this irreversible human mutation, Neu5Gc accumulation has long been reported in many human tumors (Malykh et al. 2001 ) and has more recently been found in smaller amounts in normal adult human tissues (Tangvoranuntakul et al. 2003) .
We recently generated a human-like Cmah mutation in mice and found no detectable Neu5Gc in normal or malignant tissues (Hedlund et al. 2007) , effectively ruling out a second pathway for Neu5Gc biosynthesis. However, Neu5Gc is metabolically incorporated into human cells from animalderived components of culture media (Tangvoranuntakul et al. 2003) . A similar accumulation takes place in the human body, arising from dietary sources such as red meat and milk products (Tangvoranuntakul et al. 2003) . There are mechanistic explanations for this metabolic incorporation Anti-Neu5Gc antibodies in normal humans (Bardor et al. 2005 ) and for enhanced uptake and incorporation into malignant cells Yin et al. 2006) .
One defined cancer-associated HD antigen is the ganglioside GM3(Neu5Gc) (NeuGcα2-3Galβ1-4G1cβ1-1 Ceramide) (Higashi et al. 1977; Asaoka et al. 1992; Malykh et al. 2001) . Further studies using this ganglioside as an ELISA target claimed a very low frequency of HD antibodies (< 1-2%) in normal subjects (Merrick et al. 1978; Morito et al. 1982 Morito et al. , 1986 Higashihara et al. 1991) . However, arbitrary cutoffs for background subtraction were used, apparently assuming that normal humans should be negative (Halbert et al. 1982; Nakarai et al. 1990; Iznaga et al. 1996) . Using a novel and more precise method, we recently reported that all normal humans actually have detectable circulating anti-Neu5Gc antibodies. Alpha-linked Neu5Ac and Neu5Gc (with a single oxygen atom difference) were used as targets for ELISA detection of antibodies in human serum (Tangvoranuntakul et al. 2003; Nguyen et al. 2005) . The difference in binding to the two epitopes was designated as Neu5Gc-specific antibodies. Another group reached the same conclusion using different methods (Zhu and Hurst 2002) . We then showed that these antibodies induce complement-mediated cytotoxicity on Neu5Gc-fed human leukemic cells .
All of these studies assumed that HD antibodies were solely detecting Neu5Gc. However, Neu5Gc-containing glycans are diverse and presented on many glycoconjugates, including glycolipids as well as N-linked and O-linked chains of glycoproteins. Also, this monosaccharide cannot by itself fill the binding site (paratope) of an antibody, which can accommodate several linked monosaccharides (Padlan and Kabat 1988; Sigurskjold and Bundle 1992; Lee et al. 2006; Houliston et al. 2007 ). Furthermore, structural diversity results from Neu5Gc modification such as 9-O-acetylation, sialyl linkage difference, and complexities of an underlying glycan structure (Angata and Varki 2002) . Thus, there are actually many potential Neu5Gc-containing epitopes to be recognized by human anti-Neu5Gc antibodies. In this regard, there are a few monoclonal antibodies that selectively recognize epitopes including Neu5Gc. In every case, the single oxygen atom difference between Neu5Gc and Neu5Ac is crucial for antibody recognition, but the epitopes recognized are extended ones, involving the underlying glycan chain (Miyake et al. 1988; Tai et al. 1988 ). In contrast, monoclonal antibodies that recognize the same underlying glycan in the presence of either Neu5Ac or Neu5Gc are rare.
All these data led us to hypothesize that the human immunological response to Neu5Gc is actually polyclonal and diverse and involves recognition by multiple antibodies with different specificities. After almost 100 years since "HD" antibodies were discovered, we can now obtain or synthesize defined glycans in sufficient quantities to specifically address this hypothesis. Such data are also needed for better understanding their significance in human cancer and other diseases, and in evaluating their therapeutic potential. Here, we explore and characterize a diverse anti-Neu5Gc response in normal human sera, purify the antibodies using newly developed affinity methods, and show that they can bind back to human carcinomas that have accumulated Neu5Gc in vivo. Potential implications of these antibodies for pathogenesis of Neu5Gc-accumulating human cancers are discussed.
Results

Lack of correlation between anti-Neu5Gc-antibodies measured against two different ELISA target antigens
As normal human sera rarely contained heterophile hemagglutinating antibodies, it was originally assumed that such sera must not have anti-Neu5Gc antibodies. Thus, when ganglioside GM3(Neu5Gc) was identified as one of the "HD" antigens in cancer (Higashi et al. 1977; Asaoka et al. 1992; Malykh et al. 2001 ) and used as an epitope for ELISA assays, any antibody binding signal obtained using normal serum was presumed to be "nonspecific" and was subtracted as "background" (Iznaga et al. 1996) . A more precise way to detect anti-Neu5Gc antibodies was to use otherwise identical ELISA targets bearing Neu5Ac instead of Neu5Gc as background, i.e., subtracting a control differing only by the single oxygen atom missing in humans. Using this criterion, we recently detected antibodies in normal humans against synthetic Neu5Gc α-linked to polyacrylamide (Neu5Gcα-PAA), subtracting Neu5Acα-PAA binding as the background (Tangvoranuntakul et al. 2003; Nguyen et al. 2005) . To compare levels of such antibodies with those against GM3(Neu5Gc), we developed a sensitive ELISA method in which conditions were optimized to allow testing of both targets on the same plate, using matching Neu5Ac-containing glycoconjugates as controls, and serial dilutions of human IgG for quantification of the antibodies. All 16 random normal human sera tested had detectable levels of IgG antibodies against both epitopes. However, there was little correlation between the two sets of values ( Figure 1A ), indicating that they represent different and/or overlapping sets of antibodies.
Anti-Neu5Gc antibodies in normal humans are of broad and variable specificities
Antibody-glycan contacts tend to occur in shallow cavities, and the binding region can accommodate interaction with parts of several monosaccharide residues of a glycan (Padlan and Kabat 1988; Sigurskjold and Bundle 1992; Lee et al. 2006; Houliston et al. 2007) . Furthermore, Neu5Gc is a terminal Sia of both glycolipids and glycoproteins, commonly attached to underlying sugars via an α2-3-linkage to Gal, an α2-6-linkage to Gal and GalNAc, or an α2-8 linkage to another sialic acid. Moreover, hydroxyl groups at positions C4, C7, C8, and C9 can be modified in nature, commonly by O-acetyl esters (Angata and Varki 2002) . Furthermore, the underlying glycan and/or the attachment of the glycan to the protein or lipid could be an epitope determinant. Additional complexity occurs in density of such epitopes, e.g., while some glycoproteins contain only one glycosylation site, mucins contain numerous sialyl-O-glycans. Given the wide diversity in naturally occurring Neu5Gc-containing structures, we therefore hypothesized that the human antibody response against Neu5Gc is far more diverse than previously recognized and that the above assays might detect only a fraction of the antibody response against this nonhuman molecule.
To address this possibility, we analyzed the human immunological response to Neu5Gc using a variety of glycans with a terminal Neu5Gc, but otherwise similar in structure to natural human antigens bearing Neu5Ac. These included purified glycolipids, glycans conjugated to PAA, and α2-3-or α2-6-linked sialoside pairs that were chemoenzymatically synthesized using a one-pot three-enzyme system and conjugated to human serum albumin (HSA) Yu et al. 2007 ). Matched Neu5Ac-containing glycans were used as background controls. After testing a range of serum dilutions, we chose 1:100 as optimal for quantitative detection of multiple Ig isotypes in all sera. Each assay plate also incorporated standards and internal controls.
The same normal human sera were tested against an array of seven such sialyl-glycan pairs on the same plate ( Figure 1B ). While anti-Neu5Gc IgD antibodies were not detected, variable and complex patterns of IgM, IgA, and IgG reactivities were seen. The most prominent reactivity was typically against the Neu5Gcα2-6Galβ1-4Glc-HSA-conjugate (Neu5Gcα2-6Lac-HSA) with generally lower or no reactivity with Neu5Gcα2-3Lac-HSA or 9-O-acetyl-Neu5Gcα2-6GalNAc-HSA ( Figure 1B) . Notably, while some sera showed Anti-Neu5Gc antibodies in normal humans an overall high reactivity to most glycans ( Figure 1B , IgG: S8, S14, S34; IgA: S35), others showed low or no reactivity at all ( Figure 1B, S30) .
The scaffold to which the glycan was attached also influenced reactivity. For example, with Neu5Gcα2-6GalNAc attached to either PAA or HSA, there was limited correlation between the levels detected ( Figure 1B ). Since the PAA is ∼30 kDa and carries 7-9 glycans and the HSA is 66.5 kDa and contains 9-12 glycans, the latter may present the glycans in a more widely spaced fashion. This fits with previous studies, in which two mouse monoclonal antibodies against Sialyl-Tn (antiNeu5Acα2-6GalNAc) differentially bound to the same antigen, depending upon the extent of clustering (Zhang et al. 1995) . Anti-Neu5Gc antibodies could also be detected by ELISA using natural Neu5Gc-containing antigens, including porcine and bovine submaxillary mucins (PSM and BSM, respectively) that carry small O-glycans with different levels of Neu5Gc and different amounts of 9-O-acetylation (see Materials and methods for details). These natural molecules that contain Neu5Gc were also detected by anti-Neu5Gc antibodies in normal human sera and showed high interindividual variability (data not shown). Furthermore, reactivity was altered when BSM was pretreated with base to remove 9-O-acetyl groups from the Neu5Gc residues (data not shown).
Further complexity is reflected by variable IgG subclasses. IgG 1 and IgG 3 are the main human IgG subclasses involved in complement activation and opsonization, and in protein antigen recognition, while IgG 2 (IgG 3 in mice) is associated with glycan antigen recognition (Siber et al. 1980) . While two tested sera (S8 and S14) had mainly IgG 2 and IgG 4 with lower levels of IgG 1 , IgG 3 predominated in the third (S34, Figure 1C ). Taken together, all data confirm our hypothesis of a diverse and polyclonal response against Neu5Gc, with marked variations in anti-Neu5Gc antibody profiles amongst normal individuals.
Inhibition assays confirm the key role of Neu5Gc in the epitopes recognized
To affirm that Neu5Gc is the immunodominant epitope, we used an ELISA inhibition assay (EIA), inhibiting reactivity of antiNeu5Gc antibodies against various Neu5Gc glycoconjugates precoated on ELISA plates, using free Neu5Gc or Neu5Gc-containing glycoproteins (Figure 2 ). To increase the effective concentration of free α-Neu5Gc, we synthesized 2-O-methyl-α-Neu5Gc (Neu5Gc2Me), in which the ring structure and the α2-linkage are fixed, thereby maintaining the ring form and preventing mutarotation of the α-D-sialic acid anomer to the favorable β-D-sialic acid (equilibrium of 20:1 in favor of the β-anomer) (Gottschalk 1960; Achyuthan KE and Achyuthan AM 2001) . Testing human serum S34, which showed the highest and the most variable anti-Neu5Gc reactivities, we found that the binding of IgG to Neu5Gcα2-6Lac-HSA was completely inhibited by 2.5 mM Neu5Gc2Me, but not at all by Neu5Ac2Me, which differs by only one oxygen atom from Neu5Gc2Me (Figure 2A) . Several other sera were similarly tested against various Neu5Gc-glycoconjugates for both IgG and IgA binding, yielding similar inhibition (data not shown). In general, low titer antiNeu5Gc responses required low concentrations of Neu5Gc2Me for complete inhibition (e.g., human serum S35 anti-Neu5Gc IgA against Neu5Gcα2-6Lac-HSA was completely inhibited by 0.04 mM Neu5Gc2Me; data not shown). Likewise, when Data are expressed in percent relative to binding of serum without inhibitor and represent mean ± SD of three independent experiments. (B) EIA of anti-Neu5Gc IgG antibodies in human serum S34 recognizing Neu5Gcα2-6Lac-or Neu5Gcα2-6GalNAc and 9-O-Ac-Neu5Gcα2-6GalNAc (Sialyl-Tn(Neu5Gc) and its O-acetylated derivative, respectively) with natural Sialyl-Tn(Neu5Gc)-containing mucins (sialo-glycoproteins). Data are expressed in percent relative to binding of serum without inhibitor to the respective Neu5Gc-glycoconjugate (100%) and show mean ± SD of triplicates representative of two (Neu5Gcα2-6Lac) or three (Neu5Gcα2-6GalNAc and 9-O-Ac-Neu5Gcα2-6GalNAc) independent experiments. human serum was preincubated with the Neu5Gc-containing glycoproteins PSM or BSM (that carry small O-glycans with different levels of Neu5Gc and different amounts of 9-Oacetylation), binding to plates precoated with chemically synthesized Neu5Gcα2-6GalNAc or its O-acetylated derivative was completely inhibited ( Figure 2B ). In contrast, PSM and BSM only moderately (∼20%) inhibited binding of anti-Neu5Gc antibodies specific for Neu5Gcα2-6Lac-HSA. This agrees with the fact that both mucins are rich with Sialyl-Tn structures but lack Siaα2-6Lac. Taken together, the inhibition studies confirm the key role of Neu5Gc in the epitopes recognized and further support our hypothesis of a diverse and polyclonal response against Neu5Gc, with marked variations in anti-Neu5Gc antibody profiles amongst normal individuals.
Levels of anti-Neu5Gc antibodies in healthy human sera are high
There are some well-known examples of anti-glycan antibodies in normal human serum, e.g., the anti-blood group (A or B) and "anti-Gal" (anti-Galα1-3Galβ1-4GlcNAc) antibodies. In both instances, the antigens are not expressed on host cells and the antibodies are thought to result from antigenic stimulation by gastrointestinal bacteria (Springer and Horton 1969; Galili et al. 1988) . These antibodies are a major cause for rejection of allotransplants and xenotransplants (Galili 2006; Milland and Sandrin 2006) . Anti-Gal antibodies in human sera are considered the most abundant, produced by ∼1% of human circulating B-lymphocytes, while ∼0.25% of them produce anti-A or anti-B (Galili et al. 1993) . In contrast to these antibodies that recognize highly defined glycan epitopes, we have shown that the anti-Neu5Gc response is against a spectrum of glycan antigens, with the most prominent being against Neu5Gcα2-6Lac and Neu5Gcα2-6GalNAc. Although these two structures share the same sialic acid linkage, their underlying structure makes them very different epitopes ( Figure 1B) .
We compared levels of IgA, IgG, and IgM antibodies against the most reactive epitope Neu5Gcα2-6Lac ( Figure 1B) , to the levels of anti-B blood group and anti-Gal antibodies. This was done by a similar ELISA assay using synthetic α-Gal and B-blood group linked to polyacrylamide (Galα1-3Galβ1-4GlcNAc-PAA and Fucα1-2(Galα1-3)Galβ-PAA, respectively) studying six of the previously tested human sera, three of blood type A (S6, S8 and S34) and three of blood type O (S14, S35, S36). This analysis revealed that anti-Neu5Gcα2-6Lac antibody response is quite high and similar in total amount to the anti-Gal response, representing a mean of ∼20 µg/mL antibodies in human sera (the sum of IgA, IgG, and IgM; Figure 3 ) and higher than that of the anti-B blood group antibodies (∼10 µg/mL, Figure 3) . Thus, the anti-Neu5Gc antibody response in normal human sera can be high, in a range comparable to that of anti-Gal antibodies.
Anti-Neu5Gc antibodies can be affinity-purified from human serum
We next developed a sequential affinity column procedure for purification of anti-Neu5Gc antibodies from human serum. Aliquots of two human sera with high anti-Neu5Gc IgG or IgA reactivity (S34 and S35, respectively, Figure 1B ) were precleared through a column of immobilized human serum sialoglycoproteins which carry ∼2.3 µmole/mL Neu5Ac but lack Neu5Gc. The flow-through was applied to a column of immobilized chimpanzee serum sialo-glycoproteins (which carry Neu5Ac and ∼0.3 µmole/mL Neu5Gc, but are otherwise very similar). Bound proteins were sequentially eluted with 5 mM glucuronic acid, 0.5 mM 2-O-methyl-α-Neu5Gc (Neu5Gc2Me), 2 mM Neu5Gc2Me, and finally, a weak acid. Almost all antibodies with anti-Neu5Gc reactivity bound to the chimpanzee serum column and were eluted by Neu5Gc2Me, with no more reactivity detected in the acid elution ( Figure 4A ). Western blot analysis confirmed the presence of IgA, IgG, as well as IgM in the mixture of purified anti-Neu5Gc antibodies ( Figure 4B ). The higher band in IgG (see human serum S34; Fig. 3 . Total amount of human anti-Neu5Gc antibodies can be quite high. Levels of two common anti-glycan antibodies, anti-Gal and anti-B Blood group, were determined in six of the previously tested human sera by ELISA and compared to the levels of anti-Neu5Gcα2-6Lac-antibodies (as described in Figure 1B) . Three of the sera were of blood type A (human serum S6, S8 and S34) and three of blood type O (human serum S14, S35, S36). The lower panel shows the mean values and standard errors (SEM) for each Ig isotype tested against the various glycoconjugates. Figure 1C) represents IgG 3 , which is consistent with earlier analysis. The eluted fractions were pooled, Neu5Gc2Me removed with simultaneous biotinylation, and then retested by ELISA against Neu5Gcα-PAA ( Figure 4C ). These purified antibodies could also bind various Neu5Gc-glycoconjugates, confirming the previously observed specificity and the efficiency of affinity purification (compare Figure 4D with Figure 1B ).
Specificity of the purified antibodies confirmed by immunohistochemistry analysis of mouse tissues
We recently reported generation of a 'humanized' mouse model in which the CMP-Neu5Ac hydroxylase gene responsible for the generation of Neu5Gc was specifically inactivated (Cmah − / − ). In contrast to the wild-type mice that express Neu5Gc, Neu5Gc is completely absent from all tissues in these mice (Hedlund et al. 2007 ). Immunohistochemistry of mouse embryo tissues using the purified biotinylated human anti-Neu5Gc antibodies gave prominent staining in wild-type but not Cmah − / − mouse tissues ( Figure 5A ). This confirms our in vitro findings, showing that the purified human antibodies can recognize native Neu5Gc-containing antigens on tissues. Fig. 4 . Affinity purification of different isotypes of anti-Neu5Gc antibodies from human serum. (A) Anti-Neu5Gc antibodies were affinity-purified from human serum S34 and S35 over sequential columns of immobilized human and chimpanzee serum sialoglycoproteins. Antibodies binding to the latter column were eluted sequentially with 5 mM glucuronic acid (GlcA), 0.5 mM Neu5Gc2Me (0.5Gc), 2 mM Neu5Gc2Me (2Gc), and finally with a weak acid (acid). Fractions were collected and analyzed by ELISA against Neu5Gcα-PAA. Data are representative of two independent experiments with each human serum and show mean ± SD of triplicates. The 0.5Gc and 2Gc elution fractions of human sera S34 and S35 were pooled separately, and analyzed side by side by Western blot using HRP-conjugated anti-human IgA, IgG, or IgM (B) and by ELISA against Neu5Gcα-PAA (C) or complex-Neu5Gc-glycans (D). Data are representative of four (B) and two (C, D) independent experiments and show mean ± SD.
Anti-Neu5Gc antibodies in normal humans
Purified human-anti-Neu5Gc antibodies react with human tumors
Neu5Gc is found in small amounts in normal adult human tissues including epithelia (Tangvoranuntakul et al. 2003 ) and many human epithelial tumors are reported to accumulate large amounts of Neu5Gc (Malykh et al. 2001) . Having purified antibodies from human serum with confirmed specificity to various chemically synthesized or natural Neu5Gc-containing epitopes, we asked whether these antibodies could bind to human tumors containing Neu5Gc. Immunohistochemistry using these purified antibodies showed prominent staining of human breast carcinoma tissue sections ( Figure 5B ). The section is actually from a sample showing malignant as well as nonmalignant areas. While the human anti-Neu5Gc antibody binds well to malignant cells in the center, there is very little staining of the adjacent nonmalignant tissue. Staining was abolished upon pretreatment of tissues with sialidase and inhibited by absorption with Neu5Gc-containing chimpanzee serum glycoproteins ( Figure 5B ). Thus, the purified human antibodies bind to Neu5Gc-containing epitopes on native human cancer tissues. Implications for such specific recognition of human anti-Neu5Gc antibodies to human malignant tissues are further discussed below.
Discussion
Being foreign, Neu5Gc is immunogenic in humans (Tangvoranuntakul et al. 2003; Nguyen et al. 2005 ). Recent Purified human anti-Neu5Gc antibodies bind to wild type but not to 'humanized' mouse tissues. Immunohistochemistry analysis on representative frozen tissues of wild-type and Cmah − / − mouse embryos using biotinylatedanti-Neu5Gc antibodies purified from human serum (S34-2Gc). (B) Purified human anti-Neu5Gc IgA or IgG antibodies bind to human breast cancer tissues. Immunohistochemistry analysis on representative frozen tissues of human breast carcinoma using biotinylated-Neu5Gc specific IgA or IgG antibodies purified from human serum (S35-0.5Gc and S34-2Gc, respectively). Staining is prominent in tumor cells and is Neu5Gc-dependent, as it is decreased upon either treatment of cancer tissues with sialidase or by inhibition using chimpanzee serum, which contains multiple Neu5Gc-glycoproteins. Data are representative of at least three independent experiments using purified antibodies from S34 and S35. advances in combinatorial carbohydrate synthesis allowed us to generate chemically defined oligosaccharides that could be used to discriminate the binding of antibodies that recognized either Neu5Gc-or Neu5Ac-terminated glycoconjugates. Here, we have shown that all normal humans studied have a variable range of circulating antibodies specific for Neu5Gc, spanning most of the human immunoglubulins isotypes, namely IgA, IgM, and IgG. Moreover, despite the fact that most anti-carbohydrate antibodies in humans are thought to be of the less reactive IgG 2 subclass (IgG 3 in mice) (Siber et al. 1980) , we were able to show that in some human sera anti-Neu5Gc antibodies can be of the IgG 3 subclass, which is normally involved in complement activation and opsonization (Siber et al. 1980) .
A common problem with many commercially available anticarbohydrate antibodies is low specificity and cross-reactivity with other glycans as was recently demonstrated by a highthroughput carbohydrate microarray on several such antibodies (Manimala et al. 2007 ). Here, we were able to affinity purify anti-Neu5Gc antibodies from the actual human sera that were analyzed using a novel method. The specificity of the purified antibodies was ensured by adding two additional steps before the antigen elution. In the first step, the human sera were precleared from most nonrelated antibodies by loading over a Neu5Ac-rich column (human sialoglycoproteins), followed by loading of the run-through over a Neu5Gc-rich column (chimpanzee sialoglycoproteins). In the second step, we used a carboxylate-containing monosaccharide (glucuronic acid) to remove antibodies that could bind to the Neu5Gc-rich column mostly due to charge. Finally, the effective concentration of the antigen that was used for the elution was increased by using 2-O-methyl-α-Neu5Gc (Neu5Gc2Me) rather than Neu5Gc. The specificity of the purified antibodies was then confirmed by testing them over the chemically defined Neu5Gc-glycoconjugates showing no cross-reactivity with their corresponding Neu5Ac-glycoconjugates. Some of these approaches could be adopted in the future to increase the specificity and reduce the crossreactivity of other anti-carbohydrate antibodies, including those in which the antigen contains a sialic acid, for example, SialylTn and Sialyl-Le x . Such reliable antibodies are necessary for various basic and clinical carbohydrate-based applications including cancer biopsies that allow the identification of patients with antigen-positive tumors (Manimala et al. 2007 ).
The highest levels of anti-Neu5Gc antibodies in all of the tested human sera are reactive to the structure Neu5Gcα2-6Lac and are comparable to the level of the anti-Gal antibodies, which are well known with respect to xenotransplantation and as a potential tool in cancer immunotherapy (Galili 2005) . While the human immunological response to Neu5Gc and to α-Gal in humans shares some features, the former has some unique characteristics, as summarized in Table I . The α-Gal epitope is a single defined sequence (Galα1-3Galβ1-4GlcNAc-R) without any known structural varations and is specifically absent in cells of humans, apes, and Old World Monkeys, due to inactivation of the enzyme α1-3galactosyltransferase (GGTA1 gene) (Galili 2005) . Furthermore, all these species produce a natural "anti-Gal" antibody (thought to be ∼1% of circulating immunoglobulins in humans) specific for the α-Gal epitope. While this sets up a major immunologic barrier to xenotransplantation (Galili 2005) , it is not of known relevance to intrinsic human tumors, as metabolic incorporation of ingested α-Gal cannot occur. In contrast, we have shown that human anti-Neu5Gc antibodies are complex, polyclonal, and variable amongst individuals and have potential epitopes within the human body, due to metabolic incorporation of Neu5Gc from dietary sources, principally red meats and milk products. Therefore, Neu5Gc is in fact a unique novel type of antigen modifying the surface of human cells in many diverse ways. While it is recognized as "self" by the cellular biochemical machinery, it is recognized as "non-self" by the immune system and hence becomes a 'xeno-auto-antigen'. Here, we lay the foundation for studying the potential role of anti-Neu5Gc antibodies under human conditions associated with chronic inflammation, such as cancer, atherosclerosis, and autoimmune disease. In this regard, it is also interesting that such diseases appear to be rare in nonhuman primates (Olson and Varki 2003) , which naturally express Neu5Gc, but not anti-Neu5Gc antibodies. Altered glycosylation is a universal phenotype of cancer (Kobata and Amano 2005; Brockhausen 2006 ). One specific form of altered sialylation is accumulation of Neu5Gc in the face of an anti-Neu5Gc antibody response (Malykh et al. 2001) . The presence of Neu5Gc in several human cancers has been documented by various immunological and chemical techniques (Malykh et al. 2001) . Although earlier studies claimed the absence of Neu5Gc from normal human tissues, we showed that it is also present in smaller amounts in normal human epithelial and endothelial cells in vivo (Tangvoranuntakul et al. 2003) . Furthermore, we recently demonstrated that mice with a human-like defect in the CMAH gene had no detectable Neu5Gc (Hedlund et al. 2007) , effectively ruling out an alternate mammalian pathway for synthesis. This paradox is explained by our finding that humans can metabolically incorporate Neu5Gc via oral intake (Tangvoranuntakul et al. 2003) . We have therefore suggested that the well-known epidemiological association of human cancers with consumption of red meat and milk (which happen to be the richest dietary sources of Neu5Gc) (Rose et al. 1986; Norat et al. 2002; Lewin et al. 2006 ) might be related to this unusual metabolic accumulation. Here, we have demonstrated another required component for this hypothesis -circulating antibodies that can recognize Neu5Gc on human tissues and can potentially generate chronic inflammation. To our knowledge, this is the first example wherein a nonhuman molecule becomes metabolically and covalently incorporated onto human cell surfaces, even in the face of an immune response against it. Further studies are needed to firmly establish a link between Neu5Gc expression in tumors and anti-Neu5Gc in the pathogenesis of carcinomas. In this regard, we have recently been able to successfully model this situation of Neu5Gc-positive syngeneic tumors in Cmah null mice (Hedlund et al. unpublished) .
Anti-Neu5Gc antibodies in normal humans
In work by others, an unnatural sialic acid was artificially loaded into tumor cells, and artificially produced antibodies were then used to kill it (Chefalo et al. 2006) . However, in contrast to this experiment, Neu5Gc is naturally accumulating in human tumors at higher levels than in normal cells, in the face of circulating anti-Neu5Gc antibodies. This leads to the conclusion that the tumor cells that are best at accumulating Neu5Gc are the ones that survive the best inside the intact human, and thus have escaped immunosurveillance against those tumors.
There are many examples in which chronic inflammation seems to play a role in carcinoma incidence and progression, e.g., colon cancer in ulcerative colitis, pancreatic cancer following chronic pancreatitis, hepatocellular carcinomas following chronic hepatitis, and gastric cancer following Helicobacter infection (Mantovani 2005; De Visser et al. 2006) . Recent work by others has demonstrated that antibody-antigen reactions in premalignant or malignant tissues can also set up chronic inflammation supporting tumor progression, even while further boosting antibody responses (Mantovani 2005; De Visser et al. 2006) . In addition to that, others have suggested that a moderate anti-tumor immune reaction is optimal for tumor growth and that many de novo tumors, rather than being inhibited, are probably dependent, at least early in their progression, upon eliciting an immune reaction (Prehn and Prehn 1987; Prehn 2006) . Here, we have shown that anti-Neu5Gc antibodies purified from normal human serum can specifically bind to human carcinoma sections. Additionally, we had previously shown that anti-Neu5Gc antibodies in normal human sera can deposit complement on Neu5Gc-expressing human cells in vitro . We suggest that while high levels of such antibodies could be cytotoxic, weak inflammation arising from the combination of Neu5Gc and anti-Neu5Gc antibodies could instead help promote carcinogenesis and/or facilitate tumor progression. Interestingly, increased α2-6-linked sialic acids on tumor cells are associated with cancer progression via other mechanisms, and the Neu5Gc version might further contribute by increasing expression of immunoreactive epitopes recognized by circulating antibodies specific for α2-6-linked Neu5Gc, which are of the highest levels (reactive to the structure Neu5Gcα2-6Lac). In further support of our hypothesis, the consumption of red meat (the richest known dietary source of Neu5Gc) is associated with higher risk of various cancers (Rose et al. 1986; Norat et al. 2002; Lewin et al. 2006 )-in contrast to vegetarianism, which decreases risk (Key et al. 1999) . As discussed earlier, enhanced incorporation of Neu5Gc in naturally occurring carcinomas suggests that there is a benefit to the tumor during its evolution. While advanced cancer is most often fatal, early stage disease can have a good survival rate (Stewart et al. 2004 ). Thus, blood-based biomarkers have been aggressively sought (Bast et al. 2005; Ludwig and Weinstein 2005) . We are currently studying some of these anti-Neu5Gc antibody responses as potential markers for cancer detection and prognosis.
In summary, our new findings have readdressed century-old ideas regarding the levels and roles of "HD"-(anti-Neu5Gc)-antibodies. Current developments have opened up new avenues for glycan synthesis, and we have used these tools to characterize the overall immunological response to Neu5Gc in normal humans. We showed that this response is polyclonal, with diverse and individualistic recognition patterns. In addition to their potential as novel serum markers for early detection of cancer and cancer risk, specific anti-Neu5Gc antibodies might be exploited for targeted-immunotherapy in the future. Further studies are needed to see if these antibodies indeed have a pathogenic role in cancer or in other unexplained human diseases associated with chronic inflammation and an apparent autoimmune component, such as atherosclerosis, rheumatoid arthritis, etc.
Materials and methods
Human serum samples
Normal human sera are obtained in this lab from apparently healthy adult male and female blood donors of various ethnic backgrounds from the University of California, San Diego School of Medicine students and personnel, with approval from the Institutional Review Board. Written, informed consent was obtained in advance from the volunteers. To assure confidentiality, samples were de-identified and coded with an S, then aliquoted and stored at −80
• C. For this particular study, we randomly chose 16 of these 35 donors, based only on their current availability to re-donate samples for this study. 
Glycoconjugates
All polyacrylamide (PAA)-glycoconjugates were from GlycoTech (Gaithersburg, MD); GM3(Neu5Ac) was purchased from Sigma (St. Louis, MO), and GM3(Neu5Gc) was purified from horse red blood cells as described (Kunihiko 1965) . PSM or BSM were prepared as described (Tangvoranuntakul et al. 2003) . The α2-3-and α2-6-linked sialyl-glycan pairs (in which the only difference is Neu5Ac versus Neu5Gc) were synthesized using an efficient one-pot three-enzyme chemoenzymatic synthetic system containing an E. coli K-12 sialic acid aldolase, an N. meningitidis CMP-sialic acid synthetase, and a sialyltransferase selected from a Pasteurella multocida multifunctional sialyltransferase (Yu et al. 2005) or a Photobacterium damsela α2-6-sialyltransferase . These sialosides were then conjugated to biotinylated HSA at pH 7.5 using a homobifunctional adipic acid p-nitrophenyl ester (Wu et al. 2004; Yu et al. 2007 ) as an efficient linker, then purified and confirmed by matrix assisted laser desorption ionization -time of flight (MALDI-TOF) (the biotin moiety was not used in the current studies). The sialic acid content and the purity of all glycoconjugates were further confirmed by 1,2-diamino-4,5-methylenedioxybenzene-high performance liquid chromatography (DMB-HPLC) as described herein.
DMB-HPLC analysis of sialo-glycoconjugates
The sialic acid (Sia) contents of all the glycoconjugates used were analyzed for their type (NeuAc/Neu5Gc +/− Oacetylation), quantity and purity. Sias were released from glycoconjugates by acid hydrolysis using 2 M acetic acid hydrolysis for 3 h at 80
• C. Free Sias were then derivatized with 1,2-diamino-4,5-methylenedioxybenzene (DMB) and analyzed by fluorescence detection by reverse-phase HPLC (DMB-HPLC). Quantification of Sias was done by comparison with known quantities of DMB-derivatized Neu5Ac (Hara et al. 1986 ).
The natural sialoglycoproteins we used were PSM and BSM containing multiple small O-glycans with different levels of Neu5Gc, underlying structures and O-acetylation of Neu5Ac and Neu5Gc (Neu5Gc content, PSM > BSM; SialylTn (Neu5Ac/Neu5Gcα2-6GalNAc) content, BSM > PSM; and Sia O-acetylation content, BSM PSM). About 40% of PSM glycans consist of Siaα2-6GalNAc-Ser/Thr (Sialyl-Tn), along with other structures derived from the incomplete biosynthesis of a branched A blood group-like structure (GalNAcα1-3(Fucα1-2/3)Galβ1-3(Siaα2-6)GalNAc-Ser/Thr) (Gerken and Jentoft 1987) . DMB-HPLC analysis showed that the sialic acid content was 84% Neu5Gc, 7.5% Neu5Ac, and 8.5% Oacetylated Sia (data not shown). The glycans of BSM contain 53% Sialyl-Tn and 22% Siaα2-6(GlcNAcβ1-3)GalNAc (as well as T antigen, Galβ1-3GalNAc-Ser/Thr, and Tn antigen) (Golubovic and Bojic-Trbojevic 2006) . DMB-HPLC analysis showed that the Sia content is 20% Neu5Gc, 22% Neu5Ac, and 58% O-acetylated Sia, as analyzed by DMB-HPLC (data not shown).
Preparation of 2-O-methyl-α-Neu5Ac and 2-O-methyl-α-Neu5Gc
2-O-methyl-α-Neu5Ac and 2-O-methyl-α-Neu5Gc were prepared from Neu5Ac and Neu5Gc, respectively. In order to prepare 2-O-methyl-α-Neu5Ac, Neu5Ac was acetylated with acetic anhydride (Ac 2 O) in pyridine and treated with diazomethane (CH 2 N 2 ) to afford per-acetylated Neu5Ac methyl ester in 86% yield for two steps. The peracetylated Neu5Ac methyl ester was treated with acetyl chloride in acetic acid (AcCl/HOAc) to give acetochloroneuraminic methyl ester. The crude product was dissolved in anhydrous methanol and the mixture was kept at room temperature for 1 h (Kononov and Magnusson 1998). The crude acetylated methyl glycoside was treated with NaOMe/MeOH, 1 M NaOH, neutralized with H + resin, and purified with silica gel chromatography to give α-methyl Neu5Ac 175.25, 173.56, 100.88, 72.74, 71.84, 68.42, 68.36, 62.82, 52.11, 51.78, 40.25, 22.29 .
The 2-O-methyl-α-Neu5Gc was obtained in 37% yield in six steps starting from Neu5Gc (Yu et al. 2004 ) using the similar method as described above for the preparation of α-methyl 173.41, 100.75, 75.52, 71.81, 68.36, 68.07, 62.83, 61.18, 59.54, 51.79, 40.20 .
De-O-acetylation of bovine submaxillary gland mucins
Mucins were incubated with 0.1 M NaOH for 30 min at 37
• C and subsequently neutralized with HCl. This removes base-labile Oacetyl esters but leaves the rest of the glycan intact (Diaz et al. 1989 ).
Detection of anti-Neu5Gc, anti-Gal, and anti-B blood group antibodies in human sera by ELISA
Human serum anti-Neu5Gc antibodies were detected by ELISA as previously described ) with several modifications. We used 96-well microtiter plates (Costar, Cornning, NY) coated in triplicates with optimized buffers and saturating concentrations of various pairs of Neu5Ac-and Neu5Gc-glycoconjugates as follows: GM3 ganglioside in methanol (50 pmole Sia/well); Siaα-PAA-Biotin (250 ng/well) and Sia2-3/6Lac-HSA-Biotin (1 µg/well) in a 50 mM sodium carbonate-bicarbonate buffer, pH 9.5. Pairs of Siaα2-6GalNAc-HSA-Biotin (1 µg/well), 9-O-Ac-Siaα2-6GalNAc-HSA-Biotin (1 µg/well), PSM (100 pmole Sia/well), and BSM (190 pmole Sia/well) in a 50 mM sodium phosphate buffer, pH 7.5 (an optimal pH for preserving O-acetylation of Sia). Each plate was also coated with serial dilutions of purified human Igs (10-0.3 ng/well) of IgA, IgG, IgM, or IgD in the same buffer as the respective glycoconjugates that were coated to the plate (carbonate or phosphate buffers). Methanol was allowed to evaporate completely for 4 h at room temperature (RT) and plates were incubated overnight at 4
• C. Wells were blocked for 2 h at RT with 1% ovalbumin (Grade V, Sigma, free of Neu5Gc) in PBS, followed by incubation with serum samples diluted 1:100 in the same blocking solution for 4 h at RT. The plates were washed three times with PBS containing 0.1% Tween (PBST) and subsequently incubated for 1 h at RT with HRP-conjugated goat-anti-human Igs diluted in PBS (anti-human IgA, 1:4000; anti-human IgM, 1:4000; anti-human IgG, 1:7000; anti-human IgD, 1:3000). After washing three times with PBST, wells were developed with an O-phenylenediamine in a citrate-PO 4 buffer, pH 5.5, and absorbance was measured at a 490 nm wavelength on a SpectraMax 250 (Molecular Devices, Sunnyvale, CA). Neu5Gc-specific antibody levels were defined by subtracting the readings obtained with the Neu5Ac-glycoconjugates from the readings obtained using the respective Neu5Gc-glycoconjugates (in the case of PSM and BSM, the background subtracted was that of triplicate wells containing only the respective buffer). Absorbance values were quantified into µg/mL using the standard dilution curves of the corresponding purified human Ig.
Several human sera were analyzed for the levels of the various anti-Neu5Gc IgG subclasses, which were detected by a similar ELISA. All human sera were tested for the four subclasses of IgG in triplicates on the same plate. Briefly, plates were coated with Neu5Acα-PAA or Neu5Gcα-PAA (250 ng/well) in a 50 mM sodium carbonate-bicarbonate buffer, pH 9.5. Human sera were used at 1:50 dilutions, antibodies were detected by HRPconjugated mouse-anti-human IgG 1 , IgG 2 , IgG 3 , or IgG 4 diluted 1:300 in PBS and the plate was developed as described above.
For detection of human serum anti-Gal or anti-B blood group antibodies, a similar ELISA method was used, except that the plates were coated with synthetic α-Gal or B-blood group antigens linked to polyacrylamide (Galα1-3Galβ1-4GlcNAc-PAA and Fucα1-2(Galα1-3)Galβ1-PAA, respectively) at 250 ng/well in a 50 mM sodium carbonate-bicarbonate buffer, pH 9.5).
ELISA inhibition assays (EIA) with free Neu5Gcα-methyl glycoside or natural Neu5Gc-containing glycocproteins EIA of anti-Neu5Gcα2-6Lac IgG antibodies in human serum S34 was conducted as described above, except that the serum was diluted 1:100 in the blocking solution (1% ovalbumin in PBS) in the presence or absence of either Neu5Gcα-methyl glycoside (Neu5Gc2Me) or Neu5Ac2Me, and preincubated on ice for 2 h, then applied to plates coated in triplicates with Neu5Gcα2-6LacHSA (serum with/without inhibitor) and Neu5Acα2-6LacHSA (serum without inhibitor; used as the background control). The binding of anti-Neu5Gc antibodies was detected using HRP-conjugated anti-human IgG and developed as described. In addition, we conducted EIA of anti-Neu5Gc IgG antibodies in human serum S34 recognizing Neu5Gcα2-6Lac, Neu5Gcα2-6GalNAc, and 9-O-Ac-Neu5Gcα2-6GalNAc with natural Sialyl-Tn(Neu5Gc)-containing mucins (sialo-glycoproteins). Assays were conducted as described above, except that serum was preincubated in the presence or absence of either PSM or BSM and applied to plates coated with the various Neu5Gc-glycoconjugates. In every case, the corresponding Neu5Ac-glycoconjugate was used as the background control.
Affinity purification of anti-Neu5Gc antibodies from human serum Anti-Neu5Gc antibodies were purified from human serum on sequential affinity columns with immobilized human or chimpanzee sialo-glycoproteins (rich with Neu5Ac or Neu5Gc, respectively). All steps were conducted at 4
• C. Briefly, 9 mL of 1:13 diluted human or chimpanzee serum in 0.1 M MOPS, pH 7.5 (∼5 mg protein/mL), was coupled overnight with gentle shaking to 6 mL of packed Affi-Gel 15 beads (BioRad; prewashed with 50 mM sodium acetate, pH 5.5). Remaining active esters were blocked for 1 h with 0.1 M ethanolamine-HCl, pH 8, the suspension was poured into a glass column, and washed with three column volumes of 50 mM sodium acetate, pH 5.5. Columns were calibrated by sequential washing with five column volumes of PBS, 0.1 M citric acid, pH 3, and finally with PBS containing 0.1% sodium azide, and held at 4
• C until use. Antibody sources (5-8 mL of human sera S34 or S35) were incubated at 56
• C for 30 min to inactivate complement, then diluted 1:1 in PBS and passed through a 0.2 µm filter. The filtered human serum was passed over the column of immobilized human serum sialo-glycoproteins, and the flow-through material was applied to a column of immobilized chimpanzee serum sialo-glycoproteins. Subsequently, bound proteins were eluted from the chimpanzee sialo-glycoproteins column sequentially with 5 mM glucuronic acid (GlcA) in PBS (pH 7.4) followed by a two column volume wash with PBS, then eluted further with 0.5 mM Neu5Gc2Me in PBS, 2 mM Neu5Gc2Me in PBS, and finally with 0.1 M citric acid, pH 3. Fractions of 1 mL each were collected from the GlcA or Neu5Gc2Me elutions, while 2 mL fractions were collected from the acid elution, directly into vials containing 0.5 mL of 2 M Tris-HCl, pH 8. The collected fractions were analyzed by Western blot and ELISA. Subsequently, fractions 1 through 8 of either the 0.5 mM or 2 mM Neu5Gc2Me/PBS elutions were pooled, and filtered through Amicon Ultra-15 centrifugal filter unit (10 NMWL; Millipore, Billerica, MA) to remove free sialic acids; the retentate was collected and biotinylated using the EZ-Link Micro Sulfo-NHS-Biotinylation Kit (Pierce, Rockford, IL) according to the manufacturer's instructions.
Western blot for human Igs
Samples (purified anti-Neu5Gc antibodies) were denatured by a SDS sample buffer (×6), 5 µL/lane were loaded on 10% polyacrylamide mini gels (Bio-Rad, Hercules, CA), then electrophoresed and electrotransferred to nitrocellulose membranes. Membranes were then blocked for 20 min at RT with 5% nonfat dry milk (Bio-Rad) in Tris-buffered saline containing 0.1% Tween (TBST), next incubated for 1 h at RT with HRP-goatanti-human Igs diluted in TBST containing 2% nonfat dry milk (anti-human IgA, 1:8000; anti-human IgM, 1:8000; anti-human IgG, 1:10,000), washed four times for 5 min with 2% nonfat dry milk in TBST, and then washed with TBST for 10 min. Subsequently, proteins were visualized by chemiluminescence detection (Pierce), followed by exposure to Kodak BioMax XAR film for 5-30 s.
Immunohistochemistry
Tissue samples of human breast carcinomas were obtained from the NCI funded the Cooperative Human Tissue Network, with approval of institutional review boards of the University of California, San Diego, CA. No patient identifier information accompanied the human samples. Human tissues and tissue samples from Cmah − / − or wild-type mice were frozen in optimum cutting temperature (OCT) compound (Sakura, Finetek, Sa Torrance, CA) and archived at −80
• C. Prior to immunostaining, cryosections were air-dried, washed with PBST, and endogenous biotin and avidin activities sequentially quenched (Vector Laboratories, Burlingame, CA). Next, nonspecific binding sites were blocked with 0.5% fish gelatin (Sigma, St. Louis, MO) in PBST for 30 min, followed by fixation with 10% neutral buffered formalin (NBF; Fisher Scientific, Pittsburgh, PA) for 20 min. Sections were then incubated at RT for 1 h with optimally diluted biotinylated anti-Neu5Gc antibodies purified from human serum (S34 or S35) diluted 1:3 in the same blocking solution (0.5% fish gelatin in PBST). After washing with PBST, Cy3-streptavidin (Jackson, ImmunoResearch, West Grove, PA) diluted 1:500 in PBST was applied and following further washing, the slides were mounted with an aqueous mounting media containing DAPI (Vector Laboratories, Burlingame, CA), and viewed with a Zeiss Axiolab (Zeiss, Germany) microscope. Images were captured with a Sony DKC-5000 digital system (Sony, Japan) and formatted using Adobe Photoshop (Adobe, San Jose, CA). Control human breast cancer tissues were treated with 250 milliunits of Arthrobacter urafaciens sialidase (AUS; EY Laboratories, San Mateo, CA) in 100 mM sodium acetate, pH 5.5, for 2.5 h at 37
• C prior to fixation, then immunostained and viewed as above. As an additional control for human breast cancer staining, the purified and biotinylated human-anti-Neu5Gc antibodies were diluted 1:3 in the blocking solution containing 10% chimpanzee plasma (a rich source of Neu5Gc-containing glycoproteins; obtained as described (Nguyen et al. 2006) ), incubated for 2 h at 4
• C, then applied over tissue sections and incubated at RT for 1 h. Subsequently, tissues were immunostained and viewed as above.
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